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ABSTRACT
We investigate if the active galactic nucleus (AGN) of Mrk 590, whose supermas-
sive black hole was until recently highly accreting, is turning off due to a lack of central
gas to fuel it. We analyse new sub-arcsecond resolution ALMA maps of the 12CO(3–2)
line and 344GHz continuum emission in Mrk 590. We detect no 12CO(3–2) emission in
the inner 150pc, constraining the central molecular gas mass toM(H2) . 1.6×10
5M⊙,
no more than a typical giant molecular gas cloud, for a CO luminosity to gas mass con-
version factor of αCO ∼ 0.8M⊙ (K km s
−1 pc2)−1. However, there is still potentially
enough gas to fuel the black hole for another 2.6 × 105 years assuming Eddington-
limited accretion. We therefore cannot rule out that the AGN may just be experienc-
ing a temporary feeding break, and may turn on again in the near future. We discover
a ring-like structure at a radius of ∼ 1 kpc, where a gas clump exhibiting disturbed
kinematics and located just ∼ 200pc west of the AGN, may be refueling the centre.
Mrk 590 does not have significantly less gas than other nearby AGN host galaxies at
kpc scales, confirming that gas reservoirs at these scales provide no direct indication
of on-going AGN activity and accretion rates. Continuum emission detected in the
central 150 pc likely originates from warm AGN-heated dust, although contributions
from synchrotron and free-free emission cannot be ruled out.
Key words: galaxies: active – galaxies: individual: Mrk 590 – galaxies: ISM – galaxies:
nuclei – galaxies: Seyfert
1 INTRODUCTION
Active galactic nuclei (AGNs) are associated with the accre-
tion of gas onto supermassive black holes residing in the
centres of galaxies. The accretion-disk, feeding the black
hole, generates continuum photons that photoionize and ex-
cite a gaseous region (known as the broad-line region) lo-
cated just beyond the disk, light-days to light-weeks away
from the black hole. This region produces the characteristic
broad emission lines with velocity widths of v > 2000 km s−1
(induced by the gravity of the black hole) observed in the
optical-UV spectra of a class of AGNs (the so-called ‘Type
1 AGNs’). The photoionization of lower-velocity gas at dis-
tances of hundreds of parsecs by the accretion-disk photons
produces narrower emission lines (v < 1000 kms−1). To ex-
⋆ E-mail: koayjy@dark-cosmology.dk
plain the absence of broad emission lines in the spectra of
a fraction of AGNs (known as ‘Type 2 AGNs’), AGN struc-
tural models (Antonucci 1993; Urry & Padovani 1995) posit
that the accretion disk and broad-line region are surrounded
by a dusty torus that obscures our view of these central re-
gions in objects where the accretion disk is viewed (near)
edge on. Only the narrow-line emission originating from
more extended regions not obscured by the torus can be
observed in these Type 2 AGNs.
The occurrence of AGN activity in a galaxy is contin-
gent upon the availability of gas to fuel the black hole. How-
ever, the mechanisms by which cold gas is transported from
the galaxy disk at kpc scales to hundreds of pc scales, and
further down into the inner few parsecs to sustain or trigger
AGN activity, remain poorly understood to this day (e.g.,
Alexander & Hickox 2012, and references therein). The in-
terplay between gas inflows and outflows on these scales,
c© 2015 The Authors
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as well as the presence (or absence) of dynamical barriers,
determine the efficiencies at which the central black hole
is fueled. These processes also influence the duty cycles of
AGNs, i.e., the typical timescales during which AGNs are
turned on (and off). Integral Field Unit (IFU) observations
of nearby AGNs have revealed inflows of ionized gas down to
10 pc scales (e.g. Fathi et al. 2006; Storchi-Bergmann et al.
2007; Riffel et al. 2008; Schnorr Mu¨ller et al. 2011). How-
ever, the estimated inflow rates of the ionized gas in these
observations are much lower than the observed black hole
accretion rates. This is because the gas is predominantly
molecular near the centre of galaxies (e.g., Walter et al.
2008; Bigiel et al. 2008), such that ionized gas becomes a
poor tracer of inflowing gas in the centre. The NUclei of
GAlaxies (NUGA) program (Garc´ıa-Burillo et al. 2003) has
observed the distribution of cold molecular gas (as traced
by the presence of carbon monoxide, CO) in 16 Seyfert and
low-ionization nuclear emission-line region (LINER) galax-
ies at cosmic distances of 4Mpc to 43Mpc with the IRAM
Plateau de Bure Interferometer (PdBI), achieving a spa-
tial resolution of about 100 pc. However, evidence for in-
flowing gas has been found only in one third of the NUGA
galaxies on these scales (Lindt-Krieg et al. 2008; Hunt et al.
2008; Casasola et al. 2008, 2011; Garc´ıa-Burillo et al. 2009;
Garc´ıa-Burillo & Combes 2012). The non-detection of direct
evidence of fueling in the other two thirds of the NUGA
galaxies may be due to outflowing gas driven by nuclear
star formation, AGN winds and/or AGN jets that temporar-
ily disrupt the nuclear fueling. In such a scenario, AGNs
will undergo successive periods of fueling and starvation.
More recent observations with the Atacama Large Millime-
tre/submilllimetre Array (ALMA) are probing the gas fu-
eling mechanisms of AGNs at even smaller spatial scales,
thereby mapping the molecular interstellar medium at 25 pc
to 100 pc scales in local AGN host galaxies, including
NGC1433 (Combes et al. 2013), NGC1566 (Combes et al.
2014) and NGC1068 (Garc´ıa-Burillo et al. 2014). These
studies reveal gas inflows and outflows occuring simultane-
ously on scales of tens of pc. At scales smaller than 10 pc,
the physical connections and coupling of energetics between
the different gas components, including the accretion disk
gas, the broad-line emitting gas, the narrow-line emitting
gas and the cold molecular gas, are still unknown.
Between the years 2006 and 2012, the broad Hβ emis-
sion line in the optical spectrum of the AGN in Mrk 590, a
Seyfert galaxy, has disappeared. Examination of 40 years of
published data on Mrk 590 reveal an increase in the optical-
UV continuum, broad-line and narrow-line fluxes from the
1970s to the early 1990s (see Denney et al. 2014, and ref-
erences therein for a complete account). Since then, the
strengths of the broad emission lines (including Hα and
C iv) have steadily decreased to their present weak states.
In the period between the early 1990s to the present, the
X-ray continuum flux has also weakened, while the nuclear
optical-UV continuum emission has faded to the point where
the observed continuum can be fully accounted for by stellar
population models of the host galaxy (Denney et al. 2014).
While still clearly visible, the narrow [O iii]λ5007 line has
also decreased in flux by a factor of ∼ 2. The weakening of
the [O iii] line appears to be delayed by up to ten years rela-
tive to that of the optical-UV continuum and broad Hβ line,
consistent with the larger spatial extent of the narrow-line
Table 1. General properties of the Seyfert galaxy Mrk590 and
its nucleus.
Property Value Ref.
R.A. (J2000) 02h 14m 33.5s 1
Dec (J2000) −00◦ 46′ 00′′ 1
Morphology SA(s)a 1
Galaxy inclination 25◦ 2
Galaxy major axis P.A. −55◦ 3
Redshift 0.0264 1
Luminosity distance, DL
a 115.4Mpc ...
Linear scalea 1′′ = 531 pc ...
vsys (barycentric)b 7910 km s−1 4
HI velocity 7910 km s−1 4d
HI FWZIc 380 km s−1 4d
Total HI mass 30× 109M⊙ 4d
12CO(1–0) velocity 7945 km s−1 5d
12CO(1–0) FWHM 205 km s−1 5d
[O iii]λ5007 velocity 7950 km s−1 6d
[O iii]λ5007 FWHM 400 km s−1 6d
Black Hole Mass 4.75± 0.74× 107M⊙ 7
Lbol (1990s)
e ∼ 5.8× 1044 erg s−1 7
Lbol (2013)
e ∼ 3.4× 1042 erg s−1 8
aValues are derived from the source redshift using our adopted
cosmology.
bThe systemic velocity of the galaxy relative to the Solar
System barycentre.
cFWZI is the full width of the emission line at zero intensity.
dThe uncertainties of the specified values are not quoted in the
original papers.
eThe AGN bolometric luminosity, Lbol, values are estimates and
therefore no errors are not quoted in the original papers.
References. – (1) NASA Extragalactic Database, NED.
(2) Whittle (1992). (3) Schmitt & Kinney (2000).
(4) Heckman et al. (1978). (5) Maiolino et al. (1997).
(6) Vrtilek & Carleton (1985). (7) Peterson et al. (2004).
(8) Denney et al. (2014).
region. The physical properties of Mrk 590 and its AGN are
listed in Table 1.
One possible explanation for the fading of the AGN
emission in Mrk 590 is that the accretion disk and broad-
line region are presently obscured by a, perhaps transiting,
intervening cloud of optically thick gas. Variable obscura-
tion can occur if the dusty torus, posited in AGN mod-
els, has a clumpy distribution (e.g., Elitzur 2012). Variable
X-ray absorption observed in the so-called ‘changing-look’
AGNs (e.g., Bianchi et al. 2005) are thought to arise due
to such clumpy obscuring clouds of gas and dust. How-
ever, Denney et al. (2014) argue from the observed variabil-
ity of the [O iii]λ5007 line that obscuration is unlikely to
be responsible for the observed changes in Mrk 590, since
the obscuring cloud must cover both the continuum source
along our line-of-sight, and as viewed from the more ex-
tended narrow-line region as well. The more likely expla-
nation for this behavior in Mrk 590, is that the AGN is
now accreting at a much lower rate, and may be close to
turning off. This would result in a lack of ionizing contin-
uum photons to sustain the broad-line emission, as modeled
by Elitzur et al. (2014). The dramatic changes observed in
Mrk 590 can therefore occur if the black hole has accreted all
the cold gas in its vicinity, or if the gas has been ejected via
MNRAS 000, 1–22 (2015)
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outflows (e.g., Proga & Kurosawa 2010), and is not replen-
ished by cold gas inflowing from the galaxy. In other words,
the AGN in Mrk 590 may be turning off due to very little
gas being left in the centre of the galaxy. If no further gas is
transported into the nucleus, the black hole is permanently
starved and thereby turns quiescent, joining the majority of
the nearby galaxy population.
This abrupt weakening of the AGN in Mrk 590 is sur-
prising and unexpected, considering that it was accreting at
∼10% of the Eddington limit in the 1990s (Peterson et al.
2004). The accretion rate has since decreased by two orders
of magnitude to 0.05% Eddington by 2013. While AGNs
are indeed expected to turn off their activity as the black
hole runs out of gas, this is believed to occur gradually over
very long time-scales of several to hundreds of millions of
years until the activity fades below our detection limit. This
is based, in part, on observations of a large population of
low-luminosity active galaxies with a wide range of activity
levels (e.g., Baldwin et al. 1981). The disappearance of the
Hβ line also demonstrates that the absence of broad emis-
sion lines is not necessarily attributable only to source incli-
nation, as posited by AGN unification schemes (Antonucci
1993; Urry & Padovani 1995). While there is no doubt that
orientation and the properties of the obscuring torus are the
primary factors affecting the strength of the broad emission
lines in AGN spectra, as evidenced by the detection of broad
emission lines in polarized light in some Type 2 AGNs (e.g.,
Antonucci & Miller 1985), this is clearly not the only expla-
nation. The absence of polarized broad emission lines in a
subset of Type 2 AGNs have prompted suggestions that their
lack of broad lines may not necessarily be due to an obscured
broad line region but may be due to a lack of actual broad
emission line gas (e.g., Tran 2001, 2003; Panessa & Bassani
2002; Laor 2003).
While the broad-emission lines of AGNs are known to
be variable in flux (Peterson 1988), such dramatic changes in
line strengths as seen in Mrk 590 are very rare, and have been
observed in only a handful of AGNs and LINERs. In fact, be-
sides Mrk 590, the complete disappearance of the broad Hβ
emission line has only been observed in four other AGNs
to date. In one such object, NGC7603, the Hβ line disap-
peared in a span of a year (Tohline & Osterbrock 1976).
In another Seyfert galaxy, NGC4151, spectra observed in
1984 revealed the disappearance of the broad components
of the Hβ and Hγ Balmer lines that were detectable un-
til 1983, although strong narrow components of these lines
remained (Penston & Pe´rez 1984). Further monitoring of
the continuum and Balmer line fluxes of NGC4151 have
shown continued variability since then, and the AGN re-
turned to its previous active state by 1990 (Oknyanskii et al.
1991). The disappearance of the Hβ line within a span of a
decade was also recently reported for the z = 0.31 quasar
SDSSJ015957.64+003310.5 (LaMassa et al. 2015) and the
z = 0.246 quasar SDSS J101152.98+544206.4 (Runnoe et al.
2015). The opposite behavior has also been observed. The
sudden appearance or strengthening of the broad emis-
sion lines (within timescales of years and decades) has
been observed in Mrk 1018 (Cohen et al. 1986), NGC1097
(Storchi-Bergmann et al. 1993), NGC 7582 (Aretxaga et al.
1999), and NGC2617 (Shappee et al. 2014). These objects
exhibiting large fluctuations in the broad emission line
strengths have been referred to as ‘optical changing-look
AGNs’ (e.g., LaMassa et al. 2015).
Such rare and extreme changes in the strength of the
optical-UV emission in AGNs provides excellent opportuni-
ties for studying the physics of black hole accretion and the
coupling of energetics between the various AGN components
emitting at radio to X-ray wavelengths. Additionally, it en-
ables us to study the physics of AGN fueling and outflows.
To test the hypothesis that the nucleus of Mrk 590 has
run out of gas to fuel it, we obtained ALMA observations
of the 12CO(3–2) emission line to trace the molecular gas
in the circumnuclear regions of Mrk 590. The combination
of high angular resolution and high sensitivity observations
provided by ALMA enable us to measure the mass of the
molecular gas (or place very strong constraints on it) in the
centre of Mrk 590. Prior to this, the only observation of CO
gas in Mrk 590 is a single dish detection of the 12CO(1–0)
line with the NRAO 12m telescope, with a beam size of 55′′
(Maiolino et al. 1997). At a redshift of 0.0264 (1′′ = 531 pc),
Mrk 590 is a few factors more distant than the nearby galax-
ies probed by NUGA. With the sub-arcsecond angular res-
olution of ALMA, we can probe the molecular gas distribu-
tions and (sub-)mm continuum on scales of ∼100 pc, compa-
rable to that of the NUGA survey of the more nearby AGNs.
With the flexible tuning capabilities of ALMA’s correlator,
we are also able to simultaneously observe the HCO+(4–
3) emission line as a tracer of denser gas expected closer
to the black hole. These ALMA data are complemented by
Submillimetre Array (SMA) observations of the 12CO(2–1)
emission line, albeit at a lower angular resolution of ∼ 3′′.
The main goals of these observations are (1) to examine the
distribution of molecular gas in Mrk 590 to determine if it
has indeed run out of gas in the central 100 pc as hypothe-
sized, (2) to determine if Mrk 590 on larger kpc scales also
has less gas compared to other nearby Seyfert galaxies, (3)
to determine from the CO gas kinematics if gas is being
transported from kpc scales into the central 100 pc to refuel
the centre, and (4) to detect signatures of molecular out-
flows (e.g., components with high velocities in excess of the
rotational velocities of the galaxy) that may potentially be
depleting the gas in the centre of Mrk 590.
We present here the first interferometric observations of
Mrk 590 at (sub-)mm wavelengths, providing the first ever
look into the distribution and kinematics of molecular gas in
the inner kpc of this changing-look AGN. In Section 2, we
describe the ALMA and SMA observations and data pro-
cessing. We present the continuum maps, 12CO(3–2) line
maps and 12CO(3–2) spectra in Section 3. We also place up-
per limits on the strengths of the HCO+(4–3) and 12CO(2–1)
emission, which we do not detect. From the 12CO(3–2) emis-
sion, we derive estimates of the molecular gas masses and
star formation rates at different spatial scales in Mrk 590.
We discuss in Section 4 the implications of our results on
the gas reservoirs and nuclear fueling in Mrk 590, plus the
origin of the continuum emission. Section 5 summarizes the
main findings of this study. We adopt the following cosmol-
ogy: Ωm = 0.3, ΩΛ = 0.70, and H0 = 70 kms
−1Mpc−1.
MNRAS 000, 1–22 (2015)
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2 OBSERVATIONS, DATA PROCESSING AND
IMAGING
2.1 ALMA Observations
Observations were carried out with ALMA during Cycle 2
on 2014 July 27. Mrk 590 was observed with 31 antennas
for a total duration of 1.8 hours on source, over two execu-
tion blocks. The phase tracking centre was set to αJ2000 =
02h14m33.579120s , δJ2000 = −00◦46′00.′′27840. The source
was observed in Band 7 with four separate spectral win-
dows centred at sky frequencies of 336.7 GHz, 338.0GHz,
346.8GHz, and 348.7 GHz. The spectral windows for ob-
serving the 12CO(3–2) and HCO+(4–3) lines, centred at sky
frequencies of 338.0 GHz and 346.8 GHz respectively, were
configured to Frequency Division Mode (FDM) with chan-
nel widths of 0.488MHz and a total bandwidth of 1.875 GHz
per spectral window. The remaining two spectral windows
were configured to Time Division Mode (TDM), with a chan-
nel width of 15.625MHz and a total usable bandwidth of
1.875GHz per spectral window for continuum observations.
Calibration was performed as part of the quality assur-
ance by the Italian node of the European ALMA Regional
Centre. The quasar J0238+166 was used to set the absolute
flux scales of the target source. The quasars J0217+0144 (lo-
cated 2.◦6 away from Mrk 590) and J0224+0659 were used
as the complex gain calibrator and bandpass calibrator, re-
spectively. Antenna DV11 was set as the reference antenna.
We re-examined the calibrated data and calibration tables
to ensure that all spurious data were flagged, and that there
were no bad calibration solutions.
Further data processing and imaging were carried
out using the Common Astronomy Software Applications
(CASA) package (version 4.2.1; McMullin et al. 2007). Ex-
amining the visibility amplitudes as a function of channel
numbers, averaged over all baselines, reveals no detection
of the HCO+(4–3) line. ‘Dirty images’ obtained at various
channel widths (i.e., 10 kms−1, 20 kms−1, and 50 km s−1)
also show no evidence of HCO+(4–3) line emission (as also
evidenced in Figure 8). We therefore combined the data from
the HCO+ spectral window with that of the other two con-
tinuum spectral windows to produce the continuum images.
We produced three separate images, for each image using
a different weighting scheme: natural, Briggs (robustness
= 0.5) or uniform weighting. Since the continuum images
were produced from spectral windows centred at frequen-
cies of 336.7 GHz, 346.8GHz, and 348.7GHz, we define the
mean frequency of 344GHz as the representative frequency
for the continuum emission. Imaging and deconvolution were
performed using the clean task in CASA. Components in
the continuum images were cleaned iteratively down to a
threshold of three times the image rms intensities, using a
loop gain of 0.1. We generated images of 640 pixels × 640
pixels with pixel sizes of 0.′′05 × 0.′′05. The rms noise, beam
sizes and beam orientations for all three continuum images
are presented in Table 2.
For the 12CO(3–2) line images, channels without line
emission within the spectral window were used to model
the continuum emission. The continuum emission model was
then subtracted from the visibilities using the task uvcon-
tsub in CASA. Imaging was done in 20 kms−1 channels us-
ing natural weighting. We applied uv-tapering at a length-
scale (uv-distance) of 300, 000 times the central observed
wavelength of the CO spectral window, for better sensitiv-
ity to larger scale structures and to improve surface bright-
ness sensitivity. As with the continuum images, we gener-
ated an image of 640 pixels × 640 pixels, with pixel sizes
of 0.′′05 × 0.′′05. We obtain a synthesized beam size of 0.′′47
× 0.′′42 at a position angle, P.A., of −76◦. For the decon-
volution, we applied a mask generated by selecting pixels
with intensities greater than 4σ (with σ calculated over the
entire image) in each channel. We then cleaned components
within the mask for 4000 iterations with a gain of 0.05. Pix-
els with intensities greater than 4σ in the residual channel
images were then selected as new regions which were then
added to the existing mask to form a new mask. Thereafter,
we cleaned the components within the new mask for an-
other 4000 iterations. This process was repeated five times,
after which there were no longer any pixels with intensities
greater than 4σ in the residual channel images. Thereafter,
we applied primary beam corrections to the image intensi-
ties using the task impbcor. The continuum and 12CO(3–2)
line maps are presented and discussed further in Sections 3.1
and 3.2 respectively.
2.2 SMA Observations
The SMA observations were carried out using the 230GHz
receiver over two tracks of ∼12 hours each, the first on
2014 October 1, and the second on 2014 October 2. The
phase centre of the observations was set to αJ2000 =
02h14m33.561573s , δJ2000 = −00◦46′00.′′09007. The 18th
chunk of the upper side-band was centred at a sky fre-
quency of 224.6 GHz to observe the 12CO(2–1) line. This
allowed the 13CO(2–1) and 12C18O(2–1) lines to fall within
the lower side-band. The spectral setup was configured such
that there are 32 channels per chunk, with a channel width
of 3.25MHz. The total bandwidth is 4GHz for each side-
band. The target was observed for a total duration of 18.47
hours on-source with only seven out of eight antennas. Due
to technical issues, antenna SMA3 was down for the entire
duration of both tracks.
The SMA data were converted to FITS-IDI files using
the Python script sma2casa.py and then to ‘.ms’ format
using the smaImportFix.py script1 to enable us to perform
the data processing using the CASA software package. We
flagged the highest and lowest 10% of the 32 channels in each
chunk during this conversion to remove channels with very
low gains at the chunk edges. We inspected the visibilities
to look for bad data (e.g., outliers and phase jumps), which
were subsequently flagged and removed.
We calibrated the data from each track independently,
using standard methods, with quasar 3C454.3 as the band-
pass calibrator and the quasar J0224+0659 (located 8◦ away
from Mrk 590) as the complex gain calibrator. We used the
planet Uranus to set the absolute flux scales. Antenna SMA4
was selected as the reference antenna. We then concatenated
the data from the two tracks using the task concat in CASA.
We found no significant detection of the 12CO(2–1),
13CO(2–1) and 12C18O(2–1) lines in the SMA spectra. We
1 Both Python scripts were developed by Ken Young; available
at: https://github.com/kenyoung/sma2casa
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Table 2. Properties of the ALMA and SMA continuum images
ALMA (344GHz) – Phase Centre: αJ2000 = 02
h14m33.579120s, δJ2000 = −00
◦46′00.′′27840
Weighting rms Beam sizea Beam P.A. Source sizeb Source P.A. Sint Speak
(mJy beam−1) (′′×′′) (◦) (′′×′′) (◦) (mJy) (mJy beam−1)
Natural 0.031 0.35 × 0.29 −69.42 < 0.25 × 0.09 ... 0.733 ± 0.037 0.622 ± 0.031
Briggs 0.036 0.34 × 0.24 −67.45 0.263 × 0.069 93.0◦ 0.830 ± 0.048 0.621 ± 0.036
Uniform 0.109 0.32 × 0.19 −70.30 < 0.22 × 0.10 ... 0.596 ± 0.101 0.656 ± 0.111
SMA (219GHz) – Phase Centre: αJ2000 = 02
h14m33.561573s, δJ2000 = −00
◦46′00.′′09007
Weighting rms Beam sizea Beam P.A. Source sizeb Source P.A. Sint Speak
(mJy beam−1) (′′×′′) (◦) (′′×′′) (◦) (mJy) (mJy beam−1)
Natural 0.41 3.68 × 3.22 72.22 ... ... 3.23 ± 0.31 4.38 ± 0.41
Briggs 0.56 3.46 × 2.68 86.62 ... ... 4.08 ± 0.44 5.22 ± 0.56
Uniform 1.3 3.45 × 2.04 −88.03 ... ... 6.9 ± 1.6 5.7 ± 1.3
aThe beam sizes are given as the full width at half maximum (FWHM) of the synthesized (clean) beam.
bThe estimated source sizes are beam-deconvolved.
generated three continuum images using natural, Briggs (ro-
bustness = 0.5) and uniform weighting respectively, and
cleaned iteratively (with a loop gain of 0.1) down to a
threshold of three times the image rms intensities. Visibil-
ities from both the upper and lower side-bands were con-
catenated to achieve a total bandwidth of 8GHz for the
maximum possible continuum sensitivity. The representa-
tive continuum frequency is 219GHz. Each image contains
256 pixels× 256 pixels with a pixel size of 0.′′5× 0.′′5. Image
properties are provided in Table 2 and presented in Sec-
tion 3.1.
2.3 Ancillary Images
We describe here additional archival radio and optical im-
ages of Mrk 590 which we use to compare the distribution of
the (sub-)mm continuum and 12CO(3–2) emissions relative
to other physical components emitting at radio and optical
wavelengths.
2.3.1 Very Large Array Continuum Image
We extracted 8.4GHz Very Large Array (VLA) contin-
uum data of Mrk 590 from the NRAO VLA Archive Survey
(NVAS)2. The data are from VLA A-configuration observa-
tions carried out on 1991 June 25. We converted the AIPS
pipeline-calibrated visibilities from its original UVFITS for-
mat into a ‘.ms’ file using the CASA task importuvfits, to
carry out the imaging with the CASA software. We gener-
ated an image of 640 pixels × 640 pixels, with a pixel size
of 0.′′05 × 0.′′05. Uniform weighting was used, such that the
synthesized beam of 0.′′26× 0.′′24 (P.A. = 26.3◦) is compara-
ble with that of our ALMA images. We cleaned components
in the image iteratively (with a loop gain of 0.1) down to
a threshold of three times the image rms intensity, using
the clean task in CASA. The VLA image is discussed in
Section 3.1 along with our ALMA continuum image.
2 The NVAS can [currently] be browsed at the following website:
http://archive.nrao.edu/nvas/
2.3.2 Hubble Space Telecope Image
We downloaded the Hubble Space Telescope (HST) Ad-
vanced Camera for Surveys (ACS) image of Mrk 590 from
the Hubble Legacy Archive3, observed on 2003 December
18 with an exposure time of 1020 s using the F550M (V -
band) filter (proposal ID: 9851). L. Slavcheva-Mihova kindly
provided a structure map produced from this image as pre-
sented by Slavcheva-Mihova & Mihov (2011). We applied
a coordinate shift of 00h00m00.044s and −00◦00′00.′′02 to
the HST/ACS image and the structure map, so that the
brightest ACS pixel in the nuclear region (at αJ2000 =
02h14m33.604s , δJ2000 = −00◦46′00.′′17, where the AGN
is likely located) coincides with the new location of the
galaxy centre derived from the ALMA 344GHz continuum
image (described below in Section 3.1). We present both
the HST/ACS F550M image and the structure map in Sec-
tion 3.2 together with the 12CO(3–2) line maps.
3 RESULTS
3.1 Continuum Maps
In all three images derived using the different weighting
schemes, the ALMA continuum emission at 344GHz is de-
tected as a single compact component close to the phase cen-
tre of the observations. The continuum map obtained using
Briggs weighting is shown in Figure 1, in which the source
is detected at a 17σ significance. We used the CASA task
imfit to fit a 2-dimensional Gaussian distribution to this
compact component in all three images. We then extracted
the source sizes (beam deconvolved), parallactic angles, in-
tegrated fluxes and peak fluxes (shown in Table 2). The
continuum emission is barely resolved when Briggs weight-
ing is used (with slightly elongated emission in the east-
west direction) and appears unresolved when natural and
uniform weighting are used. The 344GHz continuum emis-
sion also spatially coincides with the unresolved 8.4GHz ra-
3 http://hla.stsci.edu
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Figure 1. The ALMA continuum image at a mean central fre-
quency of 344GHz, obtained using Briggs weighting (robustness
= 0.5) and centred at the phase centre of the observations (Ta-
ble 2). The white contours show the 5σ, 10σ and 15σ (where
1σ ∼ 0.036 mJy beam−1) continuum intensity levels. The FWHM
ALMA synthesized beam (0.′′34 × 0.′′24) is shown as the white
ellipse at the bottom left corner of the image. Black contours
show the 8.4 GHz NVAS VLA image (described in Section 2.3.1),
with contour levels at 10σ, 20σ and 30σ (where 1σ ∼ 0.074 mJy
beam−1). The FWHM VLA synthesized beam (0.′′26 × 0.′′24) is
shown as the orange ellipse in the bottom left corner.
dio source in the NVAS image, as shown in Figure 1, and
thus is where the AGN most likely is located. Based on the
Gaussian function fit to the Briggs-weighted continuum im-
age, we define its centroid, at αJ2000 = 02
h14m33.5605s ,
δJ2000 = −00◦46′00.′′1851, as the centre of the galaxy, as
well as the location of the AGN. We discuss the origin of
this central continuum emission in Section 4.4.
The 2σ jet-like feature protruding towards the south-
east is most likely an image artifact. It appears only in the
spectral window used for observing the HCO+ line, which is
slightly noisier than the other continuum spectral windows.
Generating an image using an elongated, uv-tapered beam
with a major axis parallel to the P.A. of this jet-like fea-
ture does not increase its signal-to-noise ratio as one would
expect if the ‘jet’ is real. Radio images at cm wavelengths
also show no evidence of an extended jet, so this feature is
unlikely to be astrophysical in origin.
The SMA continuum emission at 219GHz is also de-
tected (at 9σ significance in the Briggs-weighted image) as
a single, marginally resolved component at the phase cen-
tre (Figure 2). We note that the ALMA continuum emis-
sion is spatially offset by ∼ 0.′′5 from the pixel containing
the peak flux in the SMA image. Nevertheless, their spatial
locations are consistent to within the absolute astrometric
uncertainties, which for each of these instruments can be as
large as their corresponding synthesized beamwidths. The
peak fluxes and integrated flux densities obtained by fitting
Figure 2. The SMA continuum image obtained using Briggs
weighting (robustness = 0.5) at a central frequency of 219GHz,
and centred at the phase centre of the observations (Table 2).
We obtain a 1σ rms intensity of 0.56 mJy beam−1. White con-
tours represent −2σ, 2σ, 4σ, 6σ, and 8σ levels, with negative levels
shown dashed. The SMA FWHM synthesized beam of 3.′′46×2.′′68
is shown as the magenta ellipse at the bottom left corner of the
image. Black contours show the ALMA 344GHz continuum im-
age (Figure 1), with contour levels at 5σ, 10σ and 15σ (where
1σ ∼ 0.036 mJy beam−1). The FWHM ALMA synthesized beam
of 0.′′34 × 0.′′24 is shown as the small black ellipse in the middle
of the SMA beam ellipse in the bottom left corner.
a 2-dimensional Gaussian distribution (using imfit) to the
continuum emission are shown in Table 2. However, imfit
is unable to deconvolve the clean beam for source size esti-
mates, due to the source being marginally resolved in only
one direction.
3.2 12CO(3–2) Maps and Spectra
In this section, we present the ALMA 12CO(3–2) maps and
spectra, plus discuss the molecular gas distribution and mor-
phology in the inner 10 kpc of Mrk 590. Figure 3 shows 16
of the 12CO(3–2) channel maps of 20 kms−1 width, covering
the range of velocities where the line emission is detected.
These channel maps were generated using the GILDAS4
software package (Guilloteau & Lucas 2000). No primary
beam corrections are applied to these images. The strongest
12CO(3–2) emitting components in the channel maps are de-
tected at ∼ 12σ significance. We use the task immoments in
CASA to produce the moment maps (Figure 4), correspond-
ing to the integrated fluxes (moment 0), intensity weighted
velocity fields (moment 1) and velocity dispersions (moment
4 http://www.iram.fr/IRAMFR/GILDAS
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2) of the 12CO(3–2) emission line. In generating these mo-
ment maps, we set pixels with less than 3σ intensities in the
channel maps to zero. Here and for the rest of the paper, the
radial velocities (v) are defined using the optical convention
such that v = cz (relative to the rest frame of the Solar sys-
tem barycentre), where c is the speed of light and z is the
redshift of the emission line in question.
We observe two ring-like CO gas structures (Figure 4):
an outer ‘circular ring’ at a radius of ∼ 6′′ (3 kpc) from
the centre of the galaxy, and an inner ‘elliptical ring’ at
a radius of ∼2′′ (1 kpc) from the centre. However, there is
no detection of 12CO(3–2) emission at the position where
the 344GHz continuum emission is observed in the Briggs-
weighted continuum image (with a synthesized beam size
of 180 pc × 120 pc), the likely location of the AGN. There
is therefore no significant 12CO(3–2) emission within the
central ∼ 150 pc (taken as the mean of the major axis and
minor axis of the synthesized beam) of Mrk 590.
The outer ring-like structure coincides with spiral struc-
tures seen in the HST/ACS F550M image shown in Fig-
ure 5a. The gas kinematics may be dominated by rotation,
as indicated by the velocity fields in Figure 4b. Since these
structures are located close to the edges of the ALMA pri-
mary beam with slightly lower sensitivity, it is likely that
only the brightest components are detected and revealed in
the moment maps. Larger-scale extended structures would
also be resolved out. We estimate the maximum recoverable
scale to be∼ 4′′ (2 kpc) based on the shortest projected base-
lines (uv-distance ∼30,000 times the observing wavelength)
of our ALMA observations.
The spectra (with primary beam corrections) of the
different components of the inner gas ‘ring’ are shown in
Figure 6. The CO emission in this inner gas structure ap-
pears to trace faint dust lanes seen in the HST V -band
image (Figure 5, panels b and c), possibly associated with
circumnuclear star-forming regions in the central 2 kpc.
Pogge & Martini (2002) claim the presence of a nuclear stel-
lar bar in Mrk 590, based on an earlier lower resolution
HST/WFPC2 image. Structure maps from higher resolution
HST/ACS images (Slavcheva-Mihova & Mihov 2011) do not
show strong signatures of a stellar bar, but reveal what ap-
pear to be straight dust lanes similar to that observed at
leading edges of stellar bars (Figure 5c). If indeed there is
a nuclear stellar bar, its position angle would be roughly
aligned with the major axis of this inner CO ring. Compo-
nents A and F of the CO gas ring (Figure 6), both of which
appear to trace the outer dust lanes, would be lying just out-
side this stellar bar. As with the outer ring, the channel maps
(Figure 3) and velocity fields (Figure 4) show that gas veloci-
ties of this inner ring are consistent with rotation-dominated
kinematics. Our crude, preliminary kinematics model (Sec-
tion 3.3) is also consistent with rotation-dominated gas in
the inner ring, with signatures of non-rotating velocity com-
ponents in region C (Figure 6).
The intriguing bright clump (component C, Figure 6)
located ∼200 pc west of the AGN coincides with three faint
dust lanes in the HST image (Figure 5, panels b and c).
The 12CO(3–2) spectrum contains two strong velocity com-
ponents (with possibly a third weaker component; Figure 6).
It is unclear if they are rotating components that are simply
unresolved, or comprise non-rotational components. The dif-
ferent components remain spatially unresolved in the images
derived using Briggs weighting (robustness = 0.5) and uni-
form weighting. This bright clump is closest to the AGN
spatially, with one of the velocity components (peaking
at ∼ 7950 km s−1) comparable to the systemic velocity of
Mrk 590 as determined from the HI 21 cm line (Table 1 and
Figure 7). The velocity of the AGN [O iii] λ5007 emission
line is also similar to this gas component, indicating that this
CO component is very likely close to the AGN in velocity-
space. We further examine the kinematics of component C
and the inner gas ring in Section 3.3.
The 12CO(3–2) spectra integrated over the central 4′′
(encompassing the inner gas ring) and over the entire 18′′
ALMA primary beam are shown in Figure 8. Primary beam
corrections are applied to the fluxes. By fitting single Gaus-
sian functions to each spectrum, we obtain FWHM widths
of 231± 80 km s−1 for the inner 4′′ integrated spectrum and
190± 60 kms−1 for the primary beam integrated spectrum,
with Gaussian central velocities at 7924 ± 12 km s−1 and
7945±18 kms−1, respectively. The systemic velocity derived
from the 12CO(3–2) emission in the primary beam is thus
consistent with that determined from the 12CO(1–0) and HI
lines (Table 1).
3.3 Modeling the 12CO(3–2) Gas Kinematics
Our preliminary modeling shows that the velocity field of the
inner gas ring-like structure in the 12CO(3–2) maps is con-
sistent with a simple rotating disk. We confirmed this using
the Kinematic Molecular Simulation software of Davis et al.
(2013). The observed velocity map (Figure 4b) is consis-
tent with a rotating annulus of radius (to midpoint) of
0.93±0.01 kpc and a width of 65 pc with an inclination angle
of 64+3−1 degrees to our line of sight and a mean rotational
velocity of 117 kms−1. Given the crude nature of this model,
we do not graphically display the results or the residuals.
We emphasize that this rotational model is not well con-
strained by the 12CO(3–2) data alone, but we quote the best
fit solution of numerous trial models. All trials confirm that
region C (Figure 6) contains a velocity component display-
ing too large a velocity deviation (by up to 80 kms−1) to be
an integrated part of a rotating annulus. One reason for the
non-unique solution is that the morphology of the emission
displays an incomplete ring, perhaps due to lower amounts
of CO gas in parts of the structure. However, the morphol-
ogy and kinematics of the inner 12CO(3–2) gas structure
is also consistent with an expanding shell (radial velocity
∼115 kms−1) with the gas component in region C unre-
lated thereto. The main limitation of this type of analysis
is, however, insufficient information about the central grav-
itational potential of the galaxy. Our 12CO(3–2) line maps
are at present the only dataset providing spatially resolved
gas kinematics in the central kpc regions of Mrk 590. We
are attempting to obtain more data (e.g., IFU spectroscopy
with the Very Large Telescope (VLT), and high resolution
HI line maps with MERLIN) to better model the rotation
curves and dynamics of the gas in the central kpc. These will
enable us to better study signatures of non-rotational gas
components, e.g., in/outflowing gas, and determine which
(if any) physical processes are responsible for driving the
gas inwards to fuel the AGN.
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Figure 3. ALMA 12CO(3–2) channel maps of the inner 15′′ by 15′′ of Mrk590, centred on the phase centre of the observations (Table 2),
generated using natural weighting and uv-tapering at a length-scale 300,000 times the central observed wavelength. Each channel has a
width of 20 km s−1. The central velocity of the channel, relative to the systemic HI emission velocity (7910 km s−1, Table 1) is labeled in
units of km s−1 in each panel. The contours correspond to −2σ, 2σ, 4σ, 6σ, 8σ, 10σ and 12σ intensity levels, where 1σ ∼ 0.5mJy beam−1
for each channel in the residual maps. Negative intensity levels are shown as dotted (blue) contours. We obtain a spatial resolution of
0.′′47× 0.′′42 (FWHM beam shape shown in bottom left corner). No primary beam corrections are applied to the image intensities.
3.4 Molecular Gas Masses Derived from
12CO(3–2) Emission
Here, we determine the molecular (H2) gas mass in the cen-
tral regions of Mrk 590 in order to assess if it has significantly
lower amounts of gas relative to other nearby Seyfert galax-
ies at hundreds of parsec and kpc scales.
We do not detect any 12CO(3–2) emission down to the
image sensitivity limits of 1σ ∼ 0.5mJy beam−1 in the cen-
tral 150 pc, where the continuum emission is detected and
the AGN is located. To confirm this, we examined the spec-
tra of the inner 150 pc using the datacubes without con-
tinuum subtraction, to ensure that there were no broad
12CO(3–2) components that were unintentionally removed
during continuum subtraction.
To derive an upper limit to the molecular gas mass in
the central 150 pc, we first estimate the upper limit of the
velocity integrated line flux of 12CO(3–2) in this region. As-
suming a signal smoothed over the expected FWHM velocity
width of the emission line, ∆vFWHM, the 3σ upper limit of
the integrated flux can be estimated to be:
I ≤ 3σ∆vFWHM
√
∆v
∆vFWHM
(1)
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Figure 4. ALMA maps of the (a) integrated fluxes (moment 0), (b) intensity weighted velocity fields (moment 1) and (c) velocity
dispersions (moment 2) of the 12CO(3–2) line in Mrk590, derived from the channel maps in Figure 3 (FWHM beam size: 0.′′47 × 0.′′42,
with no primary beam corrections). The panels in the top row show the inner 16′′ by 16′′ (∼ 8.5 kpc × 8.5 kpc), while the bottom row
shows the zoomed-in versions of the same maps, for the inner 8′′ by 8′′ (∼ 4.2 kpc× 4.2 kpc). Flux clipping was performed to set pixels
with values less than 3σ to zero, where 1σ ∼ 0.5mJy beam−1 in each 20 km s−1 channel in the residual maps. Black contours show the
ALMA 344GHz continuum image (Briggs weighting, robustness: 0.5; contour levels: 5σ, 10σ, 15σ; 1σ ∼ 0.036mJy beam−1). Ellipses in
the bottom left corner are the beam shapes for the continuum image (grey) and the 12CO(3-2) maps (black outline). Origo is the phase
centre of the observations (Table 2).
where ∆v is the channel width of the spectrum (i.e., spec-
tral resolution) at which the rms intensity, σ, is deter-
mined. The factor
√
∆v/∆vFWHM accounts for the ex-
pected decrease in σ for a channel width equivalent to
∆vFWHM (Wrobel & Walker 1999). In the inner 150 pc,
we assume that ∆vFWHM = 230 kms
−1, similar to the
FWHM of the integrated 12CO(3–2) spectra in the cen-
tral 4′′. For σ = 0.5mJy beam−1 and channel widths of
∆v = 20 km s−1, we estimate the upper limit of the inte-
grated flux density of 12CO(3–2) in the central 150 pc to be
ICO(3−2) ≤ 0.1 Jy km s−1. From this value of ICO(3−2), the
associated line luminosity is estimated using the equation
(Solomon & Vanden Bout 2005):
L′CO(3−2) = 3.25× 107 ×
(
ICO(3−2)
Jy kms−1
)(
D2L
Mpc
)
×
( νrest
GHz
)−2
(1 + z)−1Kkms−1 pc2 (2)
where DL is the luminosity distance and νrest is the rest
frequency of the 12CO(3–2) line (345.7959GHz). For a given
value of αCO (the H2 mass to
12CO(1–0) line luminosity
ratio), the H2 gas mass is estimated as:
M(H2) = αCOL
′
CO(1−0) =
αCOL
′
CO(3−2)
L′CO(3−2)/L
′
CO(1−0)
. (3)
We thus estimate the upper limit of the H2 gas mass in the
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Figure 5. (a) HST/ACS F550M (V -band) image of the central 16′′ by 16′′ (∼ 8.5 kpc×8.5 kpc) of Mrk590, with the 12CO(3–2) integrated
flux contour map overlaid. The green contours denote flux levels equivalent to 15% of the peak integrated flux (0.27 Jy beam−1 km s−1),
and thus roughly outline the location of the detected 12CO(3–2) emission. (b) The zoomed-in HST/ACS F550M image shows the dust
lanes in the inner 8′′ by 8′′ of Mrk590. (c) The 12CO(3–2) integrated flux contour map overlaid on the HST/ACS F550M structure map
presented by Slavcheva-Mihova & Mihov (2011) for the inner 8′′ by 8′′ (∼ 4.2 kpc× 4.2 kpc) of Mrk590. The outer CO ring corresponds
to dusty spiral structures in the HST image, while the inner ring appears to trace faint dust lanes in the central 4′′; this is clearest in
panel c. The clump west of the AGN (component C, Figure 6), overlaps with three faint dust lanes. Origo is the phase centre of the
ALMA observations (Table 2).
central 150 pc to be:
M(H2) ≤ 5.3× 106M⊙
(
αCO
4M⊙ (Kkm s−1 pc2)−1
)
×
(
0.27
L′CO(3−2)/L
′
CO(1−0)
)
(4)
where we have used the fiducial values of αCO =
4M⊙ (K kms
−1 pc2)−1, typical of giant molecular clouds in
the disk of the Milky Way (Bolatto et al. 2013). We have also
adopted a line luminosity ratio of L′CO(3−2)/L
′
CO(1−0) = 0.27
observed for the Milky Way (Carilli & Walter 2013). This
value of 5.3 × 106M⊙ is a very conservative upper limit of
M(H2). We note also that M(H2) ∝
√
∆vFWHM, such that
the estimated gas mass limits can be higher if the line widths
are larger than assumed.
Stronger limits can be obtained if one were to adopt
more realistic values of αCO and L
′
CO(3−2)/L
′
CO(1−0), since
it is unlikely that the gas conditions in the inner 150 pc are
similar to gas conditions averaged over the entire Milky Way.
Since our upper limit on L′CO(2−1) in Mrk 590 is unable to
provide any useful constraint on the excitation levels of the
CO gas (described further in Section 3.6 below), we make use
of values derived from other studies. Sandstrom et al. (2013)
find that in the central kpc regions of nearby galaxies, αCO
can have much lower values of ∼ 0.8M⊙ (Kkm s−1 pc2)−1 as
typically found in ultraluminous infrared galaxies (ULIRGs).
Pereira-Santaella et al. (2013) also find that the mean shape
of the CO Spectral Line Energy Distribution (SLED, which
describes the excitation levels of the CO gas and the rel-
ative line fluxes between the different CO transitions) for
six local Seyfert galaxies resembles that of the two canoni-
cal starburst galaxies M82 and Arp 220. In these starburst
galaxies, L′CO(3−2)/L
′
CO(1−0) ∼ 0.9 as also seen in quasars
(Carilli & Walter 2013). Assuming these values of αCO and
L′CO(3−2)/L
′
CO(1−0), we obtain a stronger upper limit of
M(H2) . 1.6× 105M⊙ in the central 150 pc of Mrk 590.
From the spatially integrated spectra of the central
4′′ (∼2 kpc, Figure 8, top panel), we obtain an inte-
grated flux density of 3.33 Jy kms−1 over all channels with
CO line emission, giving an equivalent H2 gas mass of
M(H2) . 1.7 × 108M⊙. This assumes Milky Way values
of αCO = 4M⊙ (K kms
−1 pc2)−1 and L′CO(3−2)/L
′
CO(1−0) =
0.27. This estimate is consistent with the typical gas masses
of 107M⊙ to 10
10M⊙ found in the inner kpc regions of
other nearby Seyfert galaxies and LINERs from the NUGA
survey (e.g., Garc´ıa-Burillo et al. 2003; Combes et al. 2004,
2009; Krips et al. 2005; Boone et al. 2007; Casasola et al.
2008) and in NGC4151 (Dumas et al. 2010). We note that
these studies typically also adopt the Milky Way value
of αCO, so the comparisons are like for like. However, if
αCO = 0.8M⊙ (K kms
−1 pc2)−1 in the circumnuclear re-
gions and L′CO(3−2)/L
′
CO(1−0) = 0.9, the H2 gas mass in the
inner 4′′ may be lower, i.e., M(H2) ∼ 1.0 × 107M⊙. While
the actual gas mass may lie anywhere between the higher
and lower estimates, we adopt the lower value of M(H2) for
the rest of our discussions unless stated otherwise, since it
appears more appropriate as discussed above.
Integrating over all channels with 12CO(3–2) emission
in the spatially integrated spectra of the 18′′ primary beam,
we obtain a total velocity-integrated flux density of 8.34
Jy kms−1. This gives us a total H2 gas mass of M(H2) ∼
4.4 × 108M⊙, assuming the more appropriate Milky Way
values of αCO and L
′
CO(3−2)/L
′
CO(1−0) given the larger spa-
tial scales of the emission. Based on the single dish 12CO(1–
0) integrated flux densities (Maiolino et al. 1997), we obtain
M(H2) ∼ 7.9×109M⊙ within the 55′′ beam, for the cosmol-
ogy and distance adopted in this current study. Our mass
estimates from the ALMA observations are thus a factor of
18 lower than that estimated from the single dish observa-
tions, due to the smaller ALMA primary beam size. There
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Figure 6. Mean 12CO(3–2) spectra, with primary beam corrected fluxes, of different components of the inner gas ring. The dashed
vertical line shows the systemic HI emission line velocity (7910 km s−1, Table 1). The spectra of components A to G are extracted from
the regions outlined by the green contours in the moment 0 map (central panel) of the inner 8′′ by 8′′ (∼ 4.2 kpc× 4.2 kpc) of Mrk590.
The red contours in this map show the continuum flux, with contour lines at 5σ, 10σ and 15σ (1σ ∼ 0.036mJy beam−1). The straight
black line shows the position of the slit through which the position-velocity diagram in Figure 7 is extracted.
is also very likely to be missing flux not recovered in our in-
terferometric images due to spatial filtering of the extended
emission.
The values of ICO(3−2), L
′
CO(3−2) and M(H2) in the in-
ner 150 pc and 2 kpc are summarized in Table 3. We discuss
the implications of these results in Section 4.1.
3.5 Upper Limits on HCO+(4–3) Emission
The critical density for exciting HCO+ is 6.5×106 cm−3, as
opposed to 3.6× 104 cm−3 for 12CO(3–2) (Carilli & Walter
2013). Along with HCN, HCO+ emission is therefore a
good tracer of dense gas distributions in the centre of local
AGNs (e.g., for NGC1097, Izumi et al. 2013; Mart´ın et al.
2015; Onishi et al. 2015), close to the black hole. The rel-
ative abundances of these dense gas tracers with respect
to CO are strong indicators of the presence of starbursts
(Gao & Solomon 2004), which in turn have been found to
be connected to AGN activity (Section 3.7). We therefore
examine the upper limits of the HCO+(4–3) emission line
flux in Mrk 590, to determine if its relative abundance to
CO is comparable to that of other local AGNs.
In the ALMA HCO+(4–3) spectra integrated spatially
over the central 4′′ (Figure 8, top panel), encompassing the
inner gas ring, we do not detect any line emission down to
a 1σ rms of 2.3 mJy. To place an upper limit on the inte-
grated flux density of HCO+(4–3) in this region, we assume
the HCO+(4–3) gas traces the 12CO(3–2) line emitting re-
gions and adopt a line width of 230 kms−1, equivalent to the
FWHM of the 12CO(3–2) line in the central 4′′. Following
Equation 1, we constrain the velocity-integrated flux density
of HCO+(4–3) to IHCO(4−3) . 0.48 Jy km s
−1 within the cen-
tral 4′′, and thus obtain L′HCO(4−3) . 1.5×107 Kkms−1 pc2.
For the spectra integrated over the entire 18′′ ALMA
primary beam (Figure 8, bottom panel), the HCO+(4–
3) line is also undetected down to a 1σ rms of 4.5mJy.
This yields IHCO(4−3) . 0.84 Jy kms
−1, in turn giv-
ing L′HCO(4−3) . 2.6 × 107 Kkms−1 pc2. This assumes a
line width of 190 km s−1, similar to the FWHM of the
12CO(3–2) line over the 18′′ primary beam. This upper
limit of L′HCO(4−3) is consistent with the typical values of
L′HCO(4−3) ∼ 106Kkms−1 pc2 observed in nearby active
galaxies with the single-dish Atacama Pathfinder EXperi-
ment (APEX) telescope (Zhang et al. 2014).
As a measure of the relative abundance of HCO+ to
CO, we make use of the ratio of the integrated flux densi-
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Figure 7. Position-velocity (pv) diagram of the 12CO(3–2) line,
obtained through a 1-pixel wide slit at P.A. = 107◦ (grey line in
Fig. 6). The X-axis shows the offset relative to the ALMA phase
centre. Contour levels are 20%, 40%, 60% and 80% of the peak flux
(4.0 mJy beam−1) of the pv diagram. The red vertical bar denotes
the location of the continuum emission. The horizontal (blue) dot-
ted line shows the systemic HI emission velocity of 7910 km s−1
for the galaxy (Table 1). The horizontal (red) solid line indicates
the centre of the [O iii]λ5007 emission line (Vrtilek & Carleton
1985) at 7950 km s−1, likely the velocity of the AGN. The sys-
temic velocity of 7945 kms−1 as derived from the 12CO(2–1) line
(Maiolino et al. 1997) is close to the centre of the [O iii]λ5007 line
and is not shown.
ties, RHCO43CO32 = IHCO(4−3)/ICO(3−2). We obtain upper lim-
its of RHCO43CO32 . 0.14 and R
HCO43
CO32 . 0.1 for the cen-
tral 4′′ and the full primary beam, respectively. This re-
sult is consistent with other local AGNs, such as NGC1433
where RHCO43CO32 . 1/60 at 3σ (Combes et al. 2013). Even
when HCO+(4–3) has been detected in nearby Seyfert nu-
clei, the line is typically ∼10 to 100 times weaker than
that of 12CO(3–2) (e.g., Casasola et al. 2011; Combes et al.
2014; Garc´ıa-Burillo et al. 2014). Since our constraint of
RHCO43CO32 . 0.1 is weak compared to these other studies, we
are unable to make meaningful comparisons of the dense gas
fraction in Mrk 590 with that of other local Seyferts. We note
however, that our results are consistent with Mrk 590 being
a typical Seyfert galaxy on kpc scales.
3.6 Upper Limits on 12CO(2–1) Emission
We derive upper limits on the integrated 12CO(2–1) line
flux from the SMA spectra, to obtain constraints on the
excitation levels of the CO gas. This in turn is important
in the estimation of H2 gas masses from higher excitation
(J > 1) CO lines (Section 3.4). Integrating the spectra
from the SMA upper side-band over the inner 4′′ and 18′′,
corresponding to the inner gas ring and the ALMA pri-
mary beam, we obtain an rms flux density of 7.2 mJy and
27.1 mJy, respectively, for channel widths of 25 km s−1. The
velocity-integrated flux densities of the 12CO(2–1) line are
thus constrained to be ICO(2−1) . 1.6 Jy km s
−1 within the
inner 4′′ and ICO(2−1) . 5.6 Jy kms
−1 in the inner 18′′.
Again, we assume that the 12CO(2–1) emission originates
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Figure 8. Spectra of 12CO(3–2) (solid black histogram) and
HCO+(4–3) (dotted (red) histogram, no detection) emission spa-
tially integrated over the inner 4′′ (top panel) and the full 18′′
ALMA primary beam (bottom panel). The 12CO(3–2) profile is
characteristic of a rotating disk. Channel widths are 20 kms−1.
The black dashed curves show a single Gaussian function fitted to
each of the 12CO(3–2) spectra. The dashed vertical lines indicate
the systemic HI emission-line velocity (7910 km s−1, Table 1)
from the same regions traced by 12CO(3–2). Therefore, the
12CO(2–1) FWHMwidths are assumed to be 230 km s−1 and
190 km s−1 respectively, corresponding to the 12CO(3–2) line
widths in these respective regions. These upper limits are
less than a factor of two lower than the integrated flux den-
sities of 12CO(3–2) encompassing the same regions in the
ALMA data. Generally, 12CO(2–1) fluxes are a factor of two
lower than that of 12CO(3–2) in quasars, and can be even
lower for submillimeter galaxies and star forming galaxies
(Carilli & Walter 2013). It is therefore not surprising that
we detect no significant emission of 12CO(2–1) in the SMA
spectra. We are also unable to obtain any strong constraints
on the shape of the CO SLED for Mrk 590. We have secured
ALMA Cycle 3 observing time to try to detect the 12CO(1–
0) and 12CO(6–5) lines to better constrain the CO SLED,
thereby reducing the uncertainties in the estimates of the
molecular gas masses.
3.7 Circumnuclear Star Formation Rates
In hydrodynamical simulations of gas inflow from 10 kpc
galactic scales down to 0.1 pc scales to fuel an AGN, nu-
clear star formation rates (SFRs) are found to correlate with
black hole mass accretion rates (Hopkins & Quataert 2010).
Since the nuclear SFR may provide important clues on the
nuclear fueling of Mrk 590, and stellar outflows provide a
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Table 3. Emission Line Properties, Gas Masses and Star Forma-
tion Rate Estimates in Mrk590.
Propertya Units Central Central
180 pc× 120 pc 2 kpc
ICO(3−2) (Jy kms
−1) ≤ 0.1 3.33
L′
CO(3−2)
(K km s−1 pc2) ≤ 3.6× 105 4.4× 107
M(H2)
b (M⊙) ≤ 1.6× 105 1.0× 107
[≤ 5.3× 106] [1.7× 108]
IHCO(4−3) (Jy kms
−1) ... ≤ 0.48
L′
HCO(4−3)
(K km s−1 pc2) ... ≤ 1.5× 107
RHCO43CO32 ... ... ≤ 0.14
ICO(2−1) (Jy kms
−1) ... ≤ 1.6
L′
CO(2−1)
(K km s−1 pc2) ... ≤ 1.3× 107
SFR(H2)b (M⊙ yr−1) ≤ 2× 10−4 0.004
[≤ 0.009] [0.2]
ΣSFR(H2)
b (M⊙ yr−1 kpc−2) ≤ 0.004 0.0011
[≤ 0.2] [0.06]
SFR(Hα)c (M⊙ yr−1) ... ≤ 0.15
ΣSFR(Hα) (M⊙ yr
−1) ... ≤ 0.13
aIX is the velocity integrated flux density of emission line ‘X’;
L′X is the luminosity of emission line ‘X’; M(H2) is the H2 gas
mass estimate; RHCO43CO32 is the ratio of the HCO
+(4–3) to
12CO(3–2) integrated flux densities. ΣSFR is the star formation
rate (SFR) surface density derived from either M(H2) using the
Kennicutt-Schmidt relation (Section 3.7.1) or the Hα line
luminosity (Section 3.7.2), as indicated.
bEstimates are based on L′
CO(3−2)
/L′
CO(1−0)
∼ 0.9 and
αCO ∼ 0.8M⊙ (K km s
−1 pc2)−1; the values in square brackets
show more conservative estimates based on Milky Way values of
L′
CO(3−2)
/L′
CO(1−0)
∼ 0.27 and αCO ∼ 4M⊙ (K km s
−1 pc2)−1.
cMeasured in a rectangular region of size 4′′ × 1.2′′ (∼2 kpc ×
0.6 kpc).
viable mechanism for transporting the gas into the centre
to feed the black hole, we estimate the SFR in the circum-
nuclear regions. We derive the SFR using two independent
methods, (1) based on the Kennicutt-Schmidt relation us-
ing M(H2) (or its upper limit) derived from the
12CO(3–2)
emission (Section 3.4) and (2) from the Hα luminosity LHα.
The 344GHz and 219GHz continuum emission, as well as
the 1.4GHz radio continuum emission, provide alternative
means of estimating the circumnuclear SFR. However, it is
very likely that the continuum emission at these wavelengths
contains a significant AGN contribution to the flux, such
that the far-IR and radio based SFR estimates will be bi-
ased high, providing only upper limits.
3.7.1 SFR Estimates Derived from the H2 Gas Mass
Based on the upper limit of M(H2) . 1.6 × 105M⊙, de-
rived from the 12CO(3–2) observations (Section 3.4), we
estimate the SFR in the central 150 pc to be SFR(H2) .
2 × 10−4M⊙ yr−1 following the Kennicutt-Schmidt rela-
tion (Kennicutt 1998). The corresponding SFR(H2) sur-
face density is ΣSFR(H2) . 0.004M⊙ yr
−1 kpc−2. We note
that our SFR limits assume negligible HI gas masses in
the centre. This is a reasonable assumption, since it is
very likely that the gas phase is predominantly molecular
in the centre, as seen in other local AGNs (Walter et al.
2008; Haan et al. 2008; Bigiel et al. 2008). For example, the
mean H2 gas mass surface densities are found to be at
least 20–40 times higher than that of atomic gas in the
NUGA sample of AGNs (Casasola et al. 2015). Addition-
ally, the gas surface densities of nearby AGNs are in a
regime in which the model by Krumholz et al. (2009) shows
that H2 is expected to dominate (an example is shown in
Fig. 8 of Casasola et al. 2015). The inferred SFR limit for
Mrk 590 is in the lower range of SFRs observed in the cen-
tral ∼ 65 pc of 29 nearby Seyfert galaxies (Esquej et al.
2014), derived from the nuclear 11.3µm PAH feature af-
ter subtracting AGN contributions. Esquej et al. (2014)
obtain SFR estimates of SFR(PAH) ∼ 0.01M⊙ yr−1 to
1.2M⊙ yr
−1 for sources with nuclear 11.3µm PAH detec-
tions, and SFR(PAH) . 0.01M⊙ yr
−1 to 0.2M⊙ yr
−1 for
sources with non-detections. Even assuming the more con-
servative upper limit of M(H2) . 5.3 × 106M⊙, the upper
limit on the total SFR within the central 150 pc is still very
low, with SFR(H2) . 0.009M⊙ yr
−1. However, a higher,
less stringent limit of ΣSFR(H2) . 0.2M⊙ yr
−1 kpc−2 is ob-
tained.
In the inner 4′′ (2 kpc), we estimate SFR(H2) ∼
0.2M⊙ yr
−1 and ΣSFR(H2) ∼ 0.06M⊙ yr−1 kpc−2 from the
inferred M(H2) ∼ 1.7 × 108M⊙, assuming Milky Way val-
ues of αCO and L
′
CO(3−2)/L
′
CO(1−0). If we adopt starburst
galaxy-like conditions and use the lower value of M(H2) ∼
1 × 107M⊙, we estimate SFR(H2) ∼ 0.004M⊙ yr−1 and
ΣSFR(H2) ∼ 0.0011M⊙ yr−1 kpc−2. As with the estimates
of M(H2), the actual value of the SFR may be somewhere
in between the range bordered by the lower and higher esti-
mates.
The SFRs and H2 gas masses in the central 60 pc
of nearby Seyfert nuclei are found to be consistent
with the Kennicutt-Schmidt relation (Hicks et al. 2009).
Casasola et al. (2015) also find no degradation of this re-
lation down to 20 pc scales in four nearby low-luminosity
AGNs from the NUGA sample. We thus expect the SFR(H2)
estimates to be representative. The main source of error in
the estimates is the uncertainty in αCO used in estimating
the H2 gas masses, since ΣSFR ∝ (Σgas)1.4, where Σgas is
the gas mass surface density. We summarize in Table 3 the
values of the SFRs and ΣSFR estimated for the inner 150 pc
and inner 2 kpc of Mrk 590, for each case listing both values
derived based on the different assumptions about the gas
conditions.
3.7.2 SFR Estimate Derived from the Hα Luminosity
As an independent check of the SFR(H2) estimates, we de-
rive also the SFR from the Hα emission line, SFR(Hα).
We use the narrow component of the Hα line, as the broad
component is not representative of the star-forming regions.
The narrow Hα line has a flux of 1.2 × 10−14 erg s−1 cm−2
(Denney et al. 2014), from the spectrum of Mrk 590 ob-
tained in 2013 with the Large Binocular Telescope. This
yields a Hα luminosity, LHα ∼ 1.9×1040 ergs s−1, from which
we infer SFR(Hα) ∼ 0.15M⊙ yr−1 following Kennicutt
(1998). While the present value of LHα is very low in com-
parison to its value in the 1990s when the AGN was ac-
creting at a much higher rate, there is still likely to be an
AGN contribution to LHα, as evidenced by the presence of a
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weak broad Hα component (Denney et al. 2014). The AGN
therefore has not fully turned off and hence the estimated
SFR(Hα) is likely just an upper limit.
The SFR(Hα) value is much higher than SFR(H2)
estimated based on our CO observations in the central
150 pc. This is to be expected since LHα is extracted from
a rectangular region of 4′′ × 1.2′′ (∼2 kpc × 0.6 kpc). The
SFR surface density derived from LHα is ΣSFR(Hα) =
0.13M⊙ yr
−1 kpc−2, consistent with the upper limit of
ΣSFR(H2) derived for the central 150 pc. SFR(Hα) is also
consistent with the estimated SFR(H2) in the central 4
′′,
to within the uncertainties arising from the use of different
conversion factors, αCO, in deriving the latter (Table 3).
4 DISCUSSION
4.1 Circumnuclear Gas Reservoirs and
Distributions: How Unique is Mrk 590?
As we detect no CO emission in the central 180 pc ×
120 pc, assuming L′CO(3−2)/L
′
CO(1−0) ∼ 0.9 and αCO ∼
0.8M⊙ (Kkm s
−1 pc2)−1 we estimate the molecular gas
mass in the central ∼150 pc to be M(H2) . 1.6 × 105M⊙
(Section 3.4). This is no more than that of a typical giant
molecular gas cloud in the Milky Way Galaxy (∼ 104M⊙ to
106M⊙; Solomon et al. 1987). We observe a ring-like struc-
ture of CO gas containing M(H2) ∼ 107M⊙ of molecular
gas in the central 2 kpc, where a gas clump with disturbed
kinematics located just 200 pc west of the AGN may be fu-
eling the centre.
The CO gas morphology of Mrk 590, however, is not
unique among nearby Seyfert galaxies. A similar central
structure and CO distribution has been observed for the
Seyfert 1.5 galaxy NGC4151 (Dumas et al. 2010), for ex-
ample. Dumas et al. (2010) detect no CO emission in the
inner 150 pc of NGC4151, with the H2 gas mass also con-
strained to less than 105M⊙. Two gas lanes of kpc-length
scale form a partial ring at a distance of 1 kpc from the
centre of NGC4151. Dumas et al. (2010) also observe a gas
clump located 3′′ (∼200 pc) away from the centre with non-
rotational kinematics that appears to be fueling the centre.
It is intriguing that NGC4151 is also a changing-look AGN
(Section 1).
On kpc scales, Mrk 590 does not have significantly less
gas than other local Seyfert galaxies. The H2 gas mass es-
timates of Mrk 590 at scales of a kpc to tens of kpc, as de-
termined from our 12CO(3–2) data and by Maiolino et al.
(1997), do not show significant deviation from that of other
nearby Seyfert galaxies (Section 3.4). Notably, the H2 gas
mass of 9.5× 109M⊙ in Mrk 590 derived from the 12CO(1–
0) line by Maiolino et al. (1997) is just slightly above the
peak of the H2 mass distribution (∼ 2 × 109M⊙) of their
entire sample of 94 nearby Seyfert galaxies. The fraction of
dense gas and excitation states of the CO gas in Mrk 590,
as far as can be constrained from the non-detection of the
HCO+(4–3) and 12CO(2–1) emission lines (Sections 3.5 and
3.6), are also consistent with those of other local AGN host
galaxies. At these spatial scales, there is nothing peculiar
that sets Mrk 590 apart. Any peculiarities would have to ex-
ist within the central 100 pc or most likely within the central
1 pc to 10 pc, unreachable by our present observations, as one
would expect based on the observed variability timescales of
decades and light-travel time arguments.
On a related note, observations of gas reservoirs and
transport processes at kpc scales and even hundreds of pc
scales may provide no direct indication of ongoing AGN ac-
tivity, accretion strengths, or whether an AGN is turned
on or off. For a sample of 95 X-ray selected AGNs from
the Chandra COSMOS survey, Cisternas et al. (2015) find
that the presence of large-scale stellar bars do not correlate
with AGN accretion strengths, and find no significant dif-
ferences in the bar fractions of AGN hosts and normal qui-
escent spirals. Cheung et al. (2015) also find no significant
difference in the fraction of AGNs located in barred or non-
barred galaxies up to a redshift of 1. These recent studies
confirm that the occurrence and efficiency of AGN fueling is
independent of the structure of the galaxy on large scales,
confirming the results of earlier studies (e.g., Ho et al. 1997;
Mulchaey & Regan 1997). Even on smaller scales of a few
hundred parsecs, the presence of nuclear bars do not cor-
relate with AGN activity, as Martini & Pogge (1999) find
only five galaxies with nuclear bars among their sample of
24 Seyfert galaxies. While bars do indeed play a key role in
driving gas from the galaxy disk into the central kpc regions,
other mechanisms operating at smaller scales are required to
drive the gas into the central tens of pc on timescales more
relevant to the currently observed rate of accretion in an
AGN. In fact, the NUGA program (e.g., Garc´ıa-Burillo et al.
2003) find the gas within the central kpc regions to be char-
acterized by a wide variety of gas morphologies, revealing
that no single transport mechanism is responsible for driv-
ing the gas inwards to fuel the AGN. As mentioned in Sec-
tion 1, not all AGNs in the NUGA sample show evidence of
fueling at hundreds of pc scales. Therefore, the morphology
of the gas and the presence (or absence) of gas transport
mechanisms operating at hundreds of pc scales also do not
correlate with current AGN activity. Mrk 590 is direct evi-
dence of this, considering that the central engine turned off
within a span of a few decades, while the 100 pc and kpc scale
structures will not evolve on these time-scales. Note however,
that Hicks et al. (2013) have shown for their matched sam-
ple of 10 Seyfert and quiescent galaxies that within a 250 pc
radius, AGNs have a higher concentration of H2 gas (and
young stars) than quiescent galaxies.
4.2 Nuclear Fueling and Outflows: Is the AGN in
Mrk 590 Running out of Gas?
4.2.1 Gas Consumption Time-scales
Due to the high efficiencies of converting rest mass to energy
in black hole accretion, AGNs do not require large amounts
of gas to fuel the central supermassive black hole (e.g.,
Peterson 1997). Even with the stronger H2 gas mass limit of
1.6×105M⊙ (Section 3.4), there is potentially sufficient gas
to support the AGN activity in Mrk 590 for 2.6 × 105 years
at the Eddington accretion limit, and longer at lower rates
of accretion; our Eddington mass accretion rate estimate
is based on a black hole mass of 4.75 × 107M⊙ measured
from reverberation mapping (Peterson et al. 2004) a 10%
mass-to-energy conversion efficiency (Marconi et al. 2004),
and solar-metallicity gas. Therefore, based on this gas mass
limit, we are unable to rule out the possibility that Mrk 590
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may only be experiencing a temporary feeding break and
may thus turn on again as observed for NGC4151.
4.2.2 Gas Transport Mechanisms
Are outflows from stars in the inner 150 pc fueling the AGN
in Mrk 590? Based on the 2013 AGN bolometric luminos-
ity estimated by Denney et al. (2014) and an assumed 10%
mass-to-energy conversion efficiency, the AGN mass accre-
tion rate at present is 6 × 10−4M⊙ yr−1. This is a fac-
tor of three larger than the upper limit of the current
SFR(H2) . 2 × 10−4M⊙ yr−1 (Section 3.7) estimated for
the central 150 pc. At the present accretion rate, the AGN
is still more efficient at consuming the gas in the inner 150 pc
compared to the star formation process, provided the gas can
be transported into the central parsec to fuel the black hole.
Even assuming optimistically that the stellar mass outflow
rate is of the same order of magnitude as the SFR, as seen in
galaxy-wide stellar outflows (e.g., Veilleux et al. 2005), it is
unlikely that outflows from stars in the inner 150 pc are suffi-
cient to continue fueling the central engine of Mrk 590 at the
present accretion rate. By no means could such stellar mass
flows fuel the AGN in the 1990s when it was accreting at
the higher rate of 0.1M⊙ yr
−1 as indicated by its Lbol value
(Table 1). Unless the SFR and mass outflow rate were both
much higher in the past, other gas transport mechanisms
must be responsible for driving the gas inward on scales
less than 100 pc to fuel the AGN. This gas may be funneled
down through gravitational instabilities, viscous torques, or
dynamical friction of massive clouds against the old bulge
stars (e.g., Combes 2002; Jogee 2006).
Why is there little detectable CO gas in the central
150 pc? Circumnuclear gas rings at distances of ∼1 kpc
from the centre, such as those observed in Mrk 590 and
NGC4151 (Dumas et al. 2010), are often associated with
Lindblad resonances, which can act as dynamical barriers
that prevent further inflow of gas into the centre of the
ring (e.g., Regan & Teuben 2004). The elongated nuclear
ring in the central 2 kpc of Mrk 590 may correspond to a
resonance with the nuclear bar (if present, as discussed in
Section 3.2). Most of the circumnuclear gas would be main-
tained in the resonant ring by the nuclear bar torques, while
a small amount of gas (below the threshold of detectabil-
ity of our CO observations) could be transported into the
centre through e.g., weak viscous torques, to trigger both
the star formation and black hole accretion. To confirm this
requires additional data constraining the dynamics (we will
address this in future work). A continuous inflow rate of or-
der 10−5M⊙ yr
−1 is required to maintain the current AGN
accretion rate and SFR in the central 150 pc. However, it is
possible that the gas inflow into the centre occurs in discrete
episodes (e.g., Garc´ıa-Burillo et al. 2005), which then trig-
ger episodic bursts of both nuclear star formation and AGN
fueling. Since there is expected to be a time lag between the
onset of nuclear star formation and the transport of gas into
the central pc to fuel the AGN (typically 107 years on spa-
tial scales of 10 pc or less and 108 years on scales of 1 kpc,
Hopkins 2012), this may explain the current SFR being lower
relative to the present AGN accretion rate in Mrk 590. The
burst of star formation may have preceded the nuclear ac-
cretion and hence began turning off earlier (if related). This
scenario is consistent with the findings of the NUGA survey,
where clear evidence of fueling at hundreds of pc scales is
observed in only one third of the sample, suggesting that gas
transport mechanisms on these scales are possibly activated
only a third of the time in a particular galaxy.
The western clump (component C, Figure 6), with
M(H2) ∼ 1.2 × 106M⊙, is the most likely source of replen-
ishment of gas into the central 150 pc of Mrk 590. This is
evidenced by the component being located closest to the
AGN in both configuration and velocity space (Figures 4
and 7), as well as by the detection of disturbed kinematics
(Section 3.3). If indeed gas is transported into the central
150 pc through this region, there is, in fact, enough gas in
component C to fuel the AGN for a further 106 years as-
suming Eddington-limited accretion.
4.2.3 No Detection of High-Velocity Molecular Outflows
Are outflows removing the central gas in Mrk 590? High ve-
locity molecular outflows have been discovered in nearby
active galaxies (Cicone et al. 2014). Although these kpc-
scale outflows are predominantly due to stellar feedback,
Cicone et al. (2014) find evidence that AGNs may signifi-
cantly boost the rate of mass outflows, based on observed
correlations between mass outflow rates and AGN bolomet-
ric luminosities. Such molecular outflows may be entrained
by radio jets (e.g., Raga & Cabrit 1993) or coupled to accre-
tion disk winds. Indeed, Tombesi et al. (2015) measure the
energetics of accretion disk winds and large-scale molecular
outflows in the quasar IRAS F11119+3257, and find that
energy is conserved, consistent with the two processes being
energetically coupled.
Gupta et al. (2015) report the detection of X-ray ab-
sorbers with velocities of 0.176c and 0.0738c in Mrk 590,
indicating the presence of ultra-fast outflows at distances
of 10−4 pc from the central black hole, inside the broad-
line region. However, it is not known if these high velocity
winds are actually coupled to outflows of a significant gas
mass at larger scales. Since we do not detect any 12CO(3–
2) line emission in the central 150 pc, we are unable to es-
tablish if molecular outflows may be depleting the gas at
the very centre. The spatially integrated spectra in the in-
ner 4′′ and over the ALMA primary beam (Figure 8) do
not show the presence of very broad 12CO(3–2) line compo-
nents or wings (with velocities greater than the rotational
velocities of the galaxy, i.e., v > 300 km s−1) down to our
sensitivity limits, that would be indicative of kpc-scale high
velocity outflows. Therefore, it is unlikely that strong molec-
ular outflows are responsible for depleting the circumnuclear
gas in Mrk 590. Higher signal-to-noise spectra are needed to
determine if there are wings or broad components of the
12CO(3–2) line that are too weak to be detected in our cur-
rent dataset. The map of the extended [O iii] line emission of
Mrk 590 (Schmitt et al. 2003) also does not reveal biconical
structures often associated with gas outflows in the narrow-
line region (e.g., Crenshaw et al. 2010; Fischer et al. 2010,
2013). However, it is possible that the axis of the outflows
are aligned towards our line-of-sight such that we do not
observe the biconical structure. High-resolution IFU spec-
troscopy of the extended [O iii] line emission is needed to
reveal possible signatures of outflows in the narrow-line re-
gion of this AGN.
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4.3 Disparity between ALMA Continuum and
12CO(3–2) Morphologies
Dust emission is expected to trace CO emission in star form-
ing regions. As is clear from Figure 4, we do not detect the
dust continuum tracing the CO emission in the inner CO
gas ring. Such disparities between the morphologies of the
(sub-)mm continuum and CO line emission have also been
observed in the Seyfert 1.5 galaxy NGC4151 (Dumas et al.
2010) and the Seyfert 2 galaxy NGC1433 (Combes et al.
2013). Since the intensity of dust emission is proportional
to the dust temperature in the Rayleigh-Jeans domain, it is
possible that the dust temperature in the inner gas ring is
not high enough for the emission to be detected. Another
possible explanation is that the extended continuum emis-
sion may have been filtered out spatially by the high angu-
lar resolution interferometric observations, as suggested by
Combes et al. (2013). This spatial filtering effect is typically
worse in continuum images since the emission is spatially ex-
tended across all channels, whereas the line emission tends to
be separated into smaller emitting regions in each frequency
channel.
Conversely, we detect the 344GHz continuum emission
in the central 150 pc where we do not detect any 12CO(3–2)
emission. This suggests that there is warmer dust emission
or other additional sources of continuum emission within the
inner 150 pc, which we discuss next.
4.4 Origin of the 344GHz Continuum Emission in
the Central 150 pc
The continuum emission detected by ALMA in the central
150 pc can arise from thermal processes (e.g., free-free emis-
sion, dust heating by the central AGN and/or stars), non-
thermal processes (e.g., synchrotron radiation from an AGN
jet), or a combination of both. If this emission is dominated
by dust heating, the derived dust mass provides an indepen-
dent estimate of the total neutral (i.e., H2+HI) gas mass in
the centre. If this emission is AGN-dominated, understand-
ing its origin and monitoring its possible variability will be
important for studying the coupling of energetics between
the component emitting at (sub-)mm wavelengths to that
of the accretion disk, radio-emitting component, and broad-
line region.
4.4.1 Thermal Dust Emission
We first consider the scenario where the central con-
tinuum emission originates from thermal dust emission.
Pe´rez Garc´ıa & Rodr´ıguez Espinosa (2001) measure a con-
tinuum flux density of 2.59 Jy for Mrk 590 at 90µm using
the Infrared Space Observatory (ISO). Combining this with
our ALMA 344GHz continuum flux density, we estimate the
spectral index to be α90µm344GHz ∼ 3.56. We note, however, that
the ISO observations are made with a larger beam size of
order tens of arcseconds, and for that reason may contain
far-IR emission from a much larger region than the contin-
uum emission detected with ALMA. The spectral index cal-
culated is thus an upper limit, and is consistent with thermal
emission in the Rayleigh-Jeans domain (where α ∼ 2).
If indeed thermal dust emission is the source of the
continuum emission, we can gain a better understanding
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Figure 9. Near-IR to radio spectral energy distribution (SED)
of Mrk590. The symbols show observed values of the continuum
flux densities obtained from published work (Table 4) and from
this study (ALMA and SMA continuum flux densities). The solid
black curve shows the model fit to the observed IR SED and
the ALMA flux density; the SMA data point is excluded (Sec-
tion 4.4.1). Also shown are the model component of the AGN
power-law continuum (black dash-dotted curve) and the far-IR
modified black body component (black dotted curve; details are
in Appendix A). The alternate model fit to the IR SED plus the
SMA flux density (ALMA data omitted; Section 4.5) is shown as
the red dashed curve.
of whether this radiation originates from dust heated by
the AGN or by stars in the central 150 pc, by examining
the near-IR to far-IR spectral energy distribution (SED). If
well determined, the SED also allows us to derive the tem-
perature and mass of the far-IR emitting dust component.
We include in our analysis published measurements (sum-
marised in Table 4) of the near-IR to far-IR flux densities of
Mrk 590 observed using the United Kingdom Infrared Tele-
scope (UKIRT), the VLT VISIR instrument, ISO, and the
Infrared Astronomical Satellite (IRAS). We use the far-IR
SED fitting code developed by Casey (2012) to fit a near-
IR power-law distribution and a modified blackbody (grey-
body) spectrum to the observed IR data points, along with
our ALMA 344GHz flux density. For this model fit, we ex-
clude the SMA continuum data point, as the SMA synthe-
sized beam encompasses the molecular gas ring, and there-
fore likely includes additional thermal dust emission from
the ring. Here we are interested only in the continuum emis-
sion in the central 150 pc measured by ALMA. Although
the UKIRT, ISO and IRAS flux densities are also measured
with much lower angular resolutions compared to ALMA,
the emission at these higher frequencies are more likely to
be dominated by the AGN and thus by the continuum emis-
sion from within the inner 150 pc. Further details on the
model fitting and the associated caveats are outlined in Ap-
pendix A. Figure 9 presents the resulting model SED fit
(solid black curve) to the data.
The dust temperature of the far-IR component is esti-
mated from the model SED to be 53K, within the typical
∼40K to 70K range of temperatures observed for the ‘cold’
dust components in other local Seyferts in the CfA sample
(Pe´rez Garc´ıa & Rodr´ıguez Espinosa 2001). Although these
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Table 4. Published Near-IR to Far-IR and Radio Continuum Flux Densities for Mrk590
Instrument Date of Angular Observing Flux Density Ref.
Observations Resolution Wavelength
(Year) (′′) (µm) (mJy)
United Kingdom Infrared Telescope 1982 ∼5 1.2 16.8 ± 1.3 1
(UKIRT) 1.7 23.1 ± 0.7
2.2 26.6 ± 0.8
3.5 46.9 ± 3.1
4.8 64 ± 13
Very Large Telescope 2006 ∼0.35 10.49 75.9 ± 20.9 2
(VLT) 11.25 75.0 ± 2.1
12.81 106.3 ± 13.3
Infrared Space Observatory 1995 -1998 ∼1.5 - 90 16 460 ± 138 3
(ISO) 25 260 ± 78
60 3060 ± 918
90 2590 ± 777
Infrared Astronomical Satellite 1983 ∼240 60 530 ± 90 4
(IRAS) 100 1410 ± 300
Owens Valley Radio Observatory (OVRO) 1983 ∼90 1.5× 104 3.6 ± 0.6 5
Very Large Array (D-configuration) 1983 ∼90a 6× 104 7.6 ± 0.4 5
Very Large Array (D-configuration) 1983 ∼90 2× 105 11.2 ± 1.4 5
Very Large Array (A-configuration) 1991 ∼0.3 3.6× 104 3.53 ± 0.2 6
Multi-Element Radio Linked
Interferometer Network (MERLIN) 1995 ∼0.2 2× 105 6.70 ± 0.29 7
auv-tapering applied to image.
References. – (1) Ward et al. (1987). (2) Horst et al. (2009). (3) Pe´rez Garc´ıa & Rodr´ıguez Espinosa (2001). (4) Edelson et al. (1987).
(5) Edelson (1987). (6) Kukula et al. (1995). (7) Thean et al. (2001).
cool dust temperatures are often associated with star form-
ing regions and starburst galaxies, we argue that the far-
IR and 343GHz continuum emission is AGN dominated.
This is based on the fact that the total far-IR luminosity
derived from the model SED, LFIR ∼ 2 × 1010 L⊙, yields
SFR(LFIR) ∼ 3.4M⊙ yr−1, four orders of magnitude higher
than SFR(H2) (Table 3). Furthermore, we detect only the
continuum emission in the centre with no stellar-heated dust
continuum emission tracing the 12CO(3–2) gas ring.
Furthermore, there are hints that the mid-IR and far-IR
continuum fluxes may exhibit variability with trends consis-
tent with that observed in the optical-UV line and contin-
uum emission (described in Appendix A). If the thermal
dust emission is predominantly AGN heated, the variability
of the mid-to-far-IR continuum fluxes (if real) can be caused
by the heating and cooling of the dust surrounding the accre-
tion disk and broad-line region (e.g., from the dusty ‘torus’,
Urry & Padovani 1995). This variability may even extend
into the Rayleigh-Jeans regime at mm wavelengths. Contin-
ued monitoring of the (sub-)mm, far-IR and mid-IR con-
tinuum fluxes will be crucial to confirm this short-timescale
variability. Detecting variability on timescales of years to
decades will also confirm a small spatial extent of the far-IR
emitting regions. If the flux variations follow trends similar
to the variability of the AGN observed at other wavelengths
(e.g., broad emission line, optical-UV and X-ray fluxes), it
provides further evidence that the mm and far-IR contin-
uum emission is dominated by the AGN rather than stellar
components at these spatial scales.
The model SED yields a dust mass of Mdust ∼ 105M⊙.
Adopting a dust to total gas mass ratio of ∼ 0.01 and assum-
ing solar metallicities (Draine et al. 2007), we infer a total
gas mass (both atomic and molecular) of Mgas ∼ 107M⊙.
This is more than an order of magnitude higher than the
upper limits of M(H2) . 10
5M⊙ or M(H2) . 5 × 106M⊙
estimated in Section 3.4, depending on the conversion factor,
αCO, used. If the actual H2 to HI gas mass ratio in the cen-
tral 150 pc is equivalent to 0.48 as measured by single-dish
observations (Maiolino et al. 1997), we can explain the dis-
crepancy to within the measurement and CO conversion un-
certainties. With the HI gas mass twice the value of M(H2),
the total HI and H2 gas mass can be as high as ∼ 5×107M⊙,
consistent with the value ofMgas derived from the dust mass.
However, since the gas is expected to be predominantly
molecular in the central regions (Section 3.7), the adopted
H2 to HI gas mass ratio is unrealistic. While the value of
Mgas derived from Mdust is consistent with the higher end
of M(H2) constraints determined from the
12CO(3–2) emis-
sion, another explanation for the possible overestimation of
the gas mass from the continuum emission is that the total
ALMA continuum flux may be biased by other contribut-
ing sources of emission, e.g., synchrotron emission from the
AGN jet or free-free emission.
4.4.2 Synchrotron and Free-free Emission
We now examine if other sources of continuum emission be-
sides dust, namely synchrotron and/or free-free emission,
contribute significantly to the total 344GHz continuum flux
density measured by ALMA. From the 8.4GHz and 344GHz
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integrated flux densities, each obtained at comparable angu-
lar resolutions of ∼ 0.′′2, we estimate the spectral index to be
α8.4GHz344GHz ∼ 0.36. This is comparable to the spectral index of
α1.4GHz8.4GHz ∼ 0.32 obtained by Thean et al. (2001) from radio
continuum observations. The radio spectral index, α1.4GHz8.4GHz,
could arise from synchrotron emission that is self-absorbed
at lower frequencies, or a combination of synchrotron (typi-
cally α ∼ −0.7) and free-free emission (typically α ∼ −0.1).
These emission components could extend into the mm wave-
length regime and contribute to a fraction of the ALMA
continuum flux. However, Edelson (1987) also measured a
slightly steeper spectral index from the 5GHz and 20GHz
flux density, α5GHz20GHz ∼ −0.54. This could mean that the
radio emission is self-absorbed synchrotron emission that is
beginning to steepen at around 20GHz. If the spectral index
continues to steepen further at frequencies above 20GHz,
it would imply that free-free emission and/or synchrotron
emission are not the sole contributors to the 344GHz con-
tinuum emission. We have secured more observing time with
the Jansky Very Large Array and ALMA in Cycle 3 to better
characterize the continuum spectral shapes at (sub-)mm to
radio wavelengths, and better determine the source of this
continuum emission.
4.5 Origin of SMA Continuum Emission
The larger synthesized beam of the SMA measures addi-
tional extended, low surface brightness continuum emission
from the inner gas ring, resulting in a higher flux density at
219GHz compared to the 344GHz ALMA continuum flux
(Figure 9). This emission may have been resolved out or
missed due to the low surface brightness sensitivity of the
ALMA images. We carry out the SED model-fitting proce-
dure as described in Section 4.4.1 and Appendix A again,
this time using the 219GHz SMA flux density and exclud-
ing the ALMA measurement. The model fit (red dashed
line in Figure 9) gives a colder dust temperature of 22K
and a higher dust mass of 4.4 × 106M⊙ (relative to the
ALMA-based estimate of the dust mass in Section 4.4.1),
consistent with the scenario where the SMA continuum flux
contains contributions from colder, stellar-heated dust emis-
sion. From the dust mass, we estimate a total gas mass of
Mgas ∼ 4.4 × 108M⊙, again assuming a dust to gas mass
ratio of ∼ 0.01 and solar metallicities (Draine et al. 2007).
This gas mass is consistent with the molecular gas mass
of M(H2) ∼ 107M⊙ to 108M⊙ (depending on αCO) esti-
mated for the inner 4′′ of Mrk 590 from the CO data. How-
ever, the SED-inferred LFIR of 2.4 × 1010 L⊙ still overes-
timates the SFR, indicating that there is still a significant
AGN contribution to the total 219GHz flux. From the LFIR,
we obtain a SFR estimate of SFR(LFIR) ∼ 4.1M⊙ yr−1,
at least an order of magnitude higher than the limit of
SFR(H2) . 0.004M⊙ yr
−1 to 0.2M⊙ yr
−1 (depending on
αCO) derived for the inner 4
′′ in Section 3.7.1. These addi-
tional contributions could originate from AGN-heated dust
in the central 150 pc, or from synchrotron and free-free emis-
sion arising from both the AGN and the star-forming regions
in the gas ring itself.
4.6 Implications for Studies of AGN and Galaxy
Evolution
Changing-look AGNs demonstrate that it is important to ac-
count for a variable AGN accretion rate and evolution when
unifying the wide range of observed AGN characteristics at
all wavelengths. Some studies attempt to construct a coher-
ent evolutionary sequence between Type 1 AGNs (displaying
broad emission lines in the spectra) and Type 2 AGNs (with
no broad emission lines) in the context of galaxy evolution.
For example, Villarroel & Korn (2014) find significant differ-
ences in the properties (e.g., colors and nuclear activity) of
neighbouring companions of Type 1 and Type 2 AGN hosts.
They suggest that a significant fraction of Type 2 AGNs
are produced as a result of a merger, where dense gas and
dust obscure the central accretion disk and broad-line re-
gion. The AGN then transforms into a Type 1 once it blows
away a significant fraction of the dusty torus to reveal the
broad-line emission and continuum emission from the accre-
tion disk. The results of Maiolino et al. (1997) seem to sup-
port such a scenario, where Seyfert 2 galaxies appear to have
more disturbed CO morphologies, and higher star formation
rates (Maiolino et al. 1995) relative to Seyfert 1 galaxies. In
Mrk 590 and the quasar SDSS J015957.64+003310.5, the
‘type-transitioning’ is reversed, demonstrating that AGN
evolution can go both ways. A Type 1 AGN can turn off
when it runs out of fuel, and thus lose the broad-line emis-
sion due to a lack of ionizing photons from the accretion
disk, and thus transition into a Type 2 AGN (as proposed
by Elitzur et al. 2014).
The fact that such type-transitioning behavior can oc-
cur on very short timescales of years to decades, as observed
in both Mrk 590 and NGC4151, shows that caution should
be exercised when interpreting statistical studies involving
comparisons of the host galaxy properties of Type 1 and
Type 2 AGN samples. A sample of Type 2 AGNs selected
based solely on the absence of broad emission lines, may con-
tain a mix of nuclei that are truly obscured, as well as unob-
scured nuclei that may be undergoing low accretion states
or that may have turned off. The significance of such bi-
ases in studies of AGN and galaxy evolution will depend on
how prevalent changing-look AGNs are, how often such type-
transitioning behavior occurs, and their duty cycles (i.e., the
relative timescales at which an AGN nucleus exhibits Type 1
properties compared to that of a Type 2). These quantities
are unknown at present.
The OzDES reverberation mapping program
(King et al. 2015) will monitor the broad emission lines
of ∼ 500 quasars over a five year period. Such long-term
spectroscopic surveys may potentially uncover more of
these changing-look AGNs. Follow-up imaging of the CO
line emission of such changing-look AGNs with ALMA will
allow their gas reservoirs and fueling processes to be studied
and compared with that of the general population of active
galaxies on a statistical level. Such studies will determine
how unique these changing-look AGNs are, and promise
to provide a better understanding of the intermittency of
nuclear activity as well as the physics of black hole fueling
in general.
MNRAS 000, 1–22 (2015)
Molecular Gas Reservoirs in Mrk 590 19
5 SUMMARY AND CONCLUSIONS
In this study, we investigate if the AGN in Mrk 590 is turn-
ing off due to a lack of central gas to fuel it. We present
the first interferometic maps of the molecular gas distri-
bution (traced by the 12CO(3–2) emission line) and (sub-
)mm continuum emission in the circumnuclear regions of
Mrk 590. The 12CO(3–2) and 344GHz continuum maps at
sub-arcsecond resolution were obtained with ALMA, while
the 219GHz continuum map at 3′′ resolution was obtained
with the SMA. The main results of our study are summa-
rized as follows:
(i) We do not detect any 12CO(3–2) line emission in
the central 150 pc down to the sensitivity limit of the
observations. This constrains the molecular gas mass in
the centre to M(H2) . 1.6 × 105M⊙ assuming αCO ∼
0.8M⊙ (Kkm s
−1 pc2)−1 as observed in the centres of nearby
galaxies, and L′CO(3−2)/L
′
CO(1−0) ∼ 0.9 as observed in
nearby Seyfert galaxies. Higher sensitivity observations with
the full ALMA array will provide even stronger constraints
on the gas mass. Future observations and detections of other
CO transitions will significantly reduce the uncertainties in
the H2 mass estimates arising from presently unknown ex-
citation levels of the CO gas.
(ii) Although we find relatively low levels of M(H2) and
SFR(H2) . 2 × 10−4M⊙ yr−1 (estimated based on M(H2)
and using the Kennicutt-Schmidt relation) in the central
150 pc, there is still potentially enough gas to fuel the AGN
for a further 2.6 × 105 years even if it accretes at the Ed-
dington limit. We therefore cannot rule out the possibility
that Mrk 590 may turn on again in the near future.
(iii) We observe a ring-like structure of molecular gas at
a radius of 1 kpc, tracing regions containing faint dust lanes
seen in HST/ACS F550M (V -band) images. We measure a
molecular gas mass of orderM(H2) ∼ 107M⊙ in the central
2 kpc, comparable to that observed in other nearby Seyfert
galaxies at similar scales. Mrk 590 therefore does not have
significantly less molecular gas at these scales, confirming
that large scale structures and gas reservoirs provide no di-
rect indication of ongoing AGN activity and accretion rates.
(iv) A molecular gas component with disturbed kinemat-
ics centred just ∼ 200 pc west of the AGN may be fueling
the centre. This component has sufficient H2 gas to fuel the
central engine for up to 106 years at the Eddington-limited
rate. Spatially resolved gas kinematics from higher resolu-
tion CO maps from ALMA, and from more emission lines,
e.g., [O iii] and HI, at tens of pc to kpc scales, are required
to better model the galaxy rotation curves and central gas
dynamics. These additional data, which we are in the pro-
cess of obtaining, will enable us to better determine the gas
transport mechanisms potentially operating at these spatial
scales in this source.
(v) We do not detect any strong molecular outflows (with
velocities greater than the rotational velocities) that may be
depleting the gas in the centre, down to the detection limits
of our 12CO(3–2) spectra.
(vi) The HCO+(4–3) line is not detected in the ALMA
observations. We obtain a HCO+ to CO integrated flux ra-
tio of RHCO43CO32 . 0.14 in the inner 2 kpc. This limit on the
dense gas fraction in Mrk 590 is consistent with that found
in other nearby AGN host galaxies. The 12CO(2–1) emis-
sion line was also not detected in the SMA spectra, con-
sistent with 12CO(3–2) to 12CO(2–1) flux ratios of & 2 as
observed in quasar host galaxies, sub-mm galaxies, and the
Milky Way Galaxy.
(vii) We detect marginally resolved continuum emission
at 344GHz in the centre that is spatially coincident with
the unresolved cm-wavelength radio source, where the AGN
is likely located. The origin of the emission is most likely
thermal dust emission (T ∼ 50K) that is heated predomi-
nantly by the AGN, possibly from the dusty torus posited in
AGN unification models. However, contributions from free-
free and synchrotron emission cannot be ruled out. Since
the emission is AGN-dominated, its flux density is likely to
be variable on timescales of years or decades, as has been
observed in the mid-to-near-IR, optical-UV and X-ray wave-
lengths. Continued monitoring of the (sub-)mm flux will con-
firm this, and provide a better understanding of the energy
coupling of the various AGN components emitting at various
wavelengths.
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APPENDIX A: IR CONTINUUM SED
MODELLING AND CAVEATS
We describe here the details of our model fit to the observed
near-IR to (sub-)mm continuum fluxes from published data
(Table 4) and our ALMA observations, as discussed in Sec-
tion 4.4.1. The model fitting is based on the far-IR SED
fitting code developed by Casey (2012). The code combines
a far-IR greybody spectrum of a single temperature, with
a near-IR to mid-IR power law function to approximate
warm dust emission due to AGN heating. We fix the mean
emissivity index of dust particles at the typical value of
β = 1.5, since we are unable to constrain it well through the
model-fitting process itself with only a single point at wave-
lengths of λ & 200µm (from ALMA). This value of β has
been confirmed by observations of our Galaxy (Dupac et al.
2003) and nearby starburst galaxies (Kova´cs et al. 2010),
and is consistent with values measured in the laboratory
(Agladze et al. 1996). The other five parameters, including
the temperature of the greybody component and the slope
of the mid-IR power law, are kept as free parameters during
the model-fitting process. The fitting procedure, the model
SED and the model parameters are described in further de-
tail by Casey (2012).
We note that there will be large uncertainties associated
with the SED model-fitting, and in the parameters (e.g.,
dust temperatures, dust masses and total far-IR luminos-
ity) derived from the fitted model. These uncertainties arise
from:
(i) Inconsistent beam sizes and angular resolution. The
UKIRT, ISO and IRAS flux densities are measured using
larger beam sizes compared to our ALMA measurements.
Even though the near-IR to far-IR flux densities from these
instruments are very likely AGN dominated, contamination
from emission originating at kpc to tens of kpc scales cannot
be ruled out.
(ii) Systematic errors in the absolute flux scaling of the
different instruments. Since the SED model fit makes use of
a heterogenous dataset obtained from many different instru-
ments, there are bound to be indeterminable uncertainties in
the absolute scaling of the flux measurements from each tele-
scope. For example, there are known discrepancies between
ISO flux measurements at 90µm and IRAS flux measure-
ments at 100µm. Serjeant & Hatziminaoglou (2009) find ev-
idence that IRAS fluxes at 100µm can be overestimated by
up to ∼30% compared to ISO and Spitzer fluxes at compa-
rable wavelengths.
(iii) Possible intrinsic variability of the AGN continuum
emission. There are indications that the far and mid-IR
continuum flux densities may exhibit variability consistent
with the changes in the optical-UV continuum and line flux
densities as reported by Denney et al. (2014). The ISO ob-
servations in the 1990s (Pe´rez Garc´ıa & Rodr´ıguez Espinosa
2001) show that the 60µm and 90µm flux densities have in-
creased by factors of a few when compared to the IRAS
observations in the 1980s (Edelson et al. 1987). This is con-
sistent with the flux density increase observed at other wave-
lengths during this period. This is despite the smaller beam
size of ISO which measures the flux density at smaller an-
gular scales relative to IRAS. As mentioned above, ISO flux
density measurements are also typically found to be consis-
tently lower than that of IRAS. Therefore, this systematic
error cannot explain the higher ISO flux densities compared
to the IRAS flux densities measured for Mrk 590. Further-
more, the AGN-dominated 12.8µm flux densities measured
in 2006 with VLT-VISIR (Horst et al. 2009) are a factor of
four lower than the 16µm ISO flux densities measured in the
1990s, consistent with the flux density decrease observed at
other wavelengths over this time period. While angular res-
olution effects cannot be ruled out in this case, we note that
variability may also have affected the VLT-VISIR data.
While the far-IR flux densities of the model fit are con-
sistently lower than the observed ISO and IRAS flux den-
sities (Figure 9), the larger beam sizes of these instruments
(relative to that of ALMA and VLT-VISIR) imply that their
measured flux densities are only upper limits of the flux em-
anating from within the central 150 pc. Although UKIRT
also has a lower angular resolution of ∼ 5′′, the emission
at wavelengths from 1µm to 10µm is expected to be com-
pletely dominated by the central AGN. Another possible ex-
planation for the higher ISO fluxes is the possible variability
of the far-IR continuum emission. In fact, far-IR continuum
MNRAS 000, 1–22 (2015)
22 J. Y. Koay et al.
variability provides a better explanation (as opposed to an-
gular resolution effects) for the higher ISO fluxes (relative
to the model fit values) as seen in Figure 9. With the ex-
ception of the 0.′′1 radio data (crosses in Figure 9), the ISO
fluxes are the only measurements obtained in the 1990s when
Mrk 590 was accreting at its highest observed rate. All the
other observational data points were obtained either in the
early 1980s or from the year 2000 onwards when Mrk 590
was accreting at a lower rate. We therefore argue that the
model SED is a reasonable fit to the data.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–22 (2015)
